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Abstract 
The potential for sea level rise inundation of critical transportation infrastructure 
rises as the threat of climate change continues. Inundation of public transportation 
including railroads and bus routes, specifically those located in low-lying coastal
areas, are vulnerable to these impacts. Therefore, identifying vulnerable facilities in 
order to implement adaptation planning practices is essential to protecting these 
facilities and avoiding impacts on mobility. This research focuses on the application 
of the Transit Inundation Modeling Method (TIMM) to a transit network (railways 
and bus routes) in Philadelphia County, Pennsylvania. TIMM is developed based on 
the need to identify transit infrastructure systems that are vulnerable to sea level rise 
using Geographic Information Systems (GIS). Applying TIMM to a real-world transit 
network provides an example for how transit agencies throughout the nation can 
begin to identify at-risk links and nodes based on potential sea level rise inundation 
levels.
Introduction 
As climate change continues to threaten both natural and built environments, the 
risk of impact to public transportation infrastructure rises (FTA 2011). Scientific 
studies predict that sea level rise will accelerate and, therefore, transportation
infrastructure along the coast continues to be vulnerable to inundation (Koetse 
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and Rietveld 2009). Increasing demands on public transportation systems suggest
the need for evaluating the potential risk and impacts associated with coastal, low-
lying public transportation facilities (Trilling 2005).
Public transportation provides a number of benefits, both environmental and
socio-economic, in addition to providing mobility for those who are unable to
drive. Currently, public transit operators provide approximately 10 billion trips per 
year in the United States (FTA 2011). A relatively new stressor, climate change, and 
the associated sea level rise can lead to increased flooding of subway tunnels, rail 
tracks, maintenance facilities, bus routes, and intermodal facilities, directly impact­
ing transit-dependent populations.
Although interest in transportation and climate change impacts is rising, discus­
sion and efforts are focused primarily on mitigation or reducing greenhouse gas 
(GHG) emissions and other contributions to global warming (Valsson and Ulfars­
son 2009). Mitigation efforts such as advances in fuel technology and vehicle effi­
ciency are being implemented; however, mitigation efforts are not timely enough 
to remove all potential impacts associated with global warming (Pew Center on 
Global Climate Change 2008). As a result, identifying vulnerabilities and imple­
menting adaptation practices that support changes in infrastructure are necessary 
to reduce vulnerabilities and avoid potential impacts such as sea level rise inunda­
tion (Oswald et al. 2012).   
Objectives 
The primary objective of this research is to apply and evaluate the process of the 
Transit Inundation Modeling Method (TIMM) to a real-world transit network.
TIMM is used to identify transit infrastructure systems that are vulnerable to sea 
level rise using GIS. Based on a review of existing modeling strategies and a needs 
assessment, TIMM developed by Oswald and Treat (2013) with the goal of assist­
ing transit agencies with the initial step of adapting, focusing on identifying at-risk 
links and nodes based on various sea level rise inundation levels. The step-by-step 
method is described in detail based on its application to a transit network (railway, 
bus routes, and bus stops) in Philadelphia County, Pennsylvania. Results of the
application are used not only to promote adaptation activities within the case
study region, but to provide recommendations for future case study applications. 
This real-world network application of TIMM is completed with the goal of evalu­
ating the method’s applicability, relevance, and repeatability for transportation
infrastructure throughout the country. By using this method to identify vulner­
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abilities, transit agencies throughout the nation can begin to implement adapta­
tion practices (elevate, relocate or protect) to existing facilities as well as plan for 
future transit projects. 
Research Method 
To complete the research objectives, a research framework (Figure 1) consisting 
of four parts was followed: (1) literature review, (2) TIMM development, (3) TIMM 
application, and (4) recommendations. The literature review is focused on adapta­
tion concepts, sea level rise impacts, public transportation demand, and GIS mod­
eling opportunities. Then, TIMM was developed based on the improvements that 
are needed to existing modeling or adaptation efforts. Next, TIMM was applied to 
Philadelphia County to serve as an example of how transit agencies can implement 
the method and begin to identify potential vulnerable facilities. This application 
(part 3) is the focus of this paper to show typical results of applying TIMM to a 
real-world network. Last, recommendations are proposed for improvements to the
method as well as further applications of TIMM to other transit agencies. 
Figure 1. Research methodology 
Climate Change 
Scientific research suggests despite the uncertainty with future climate change
projections, global warming is unequivocal (U.S. Global Change Research Program 
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2009). Related alterations in average weather patterns, such as increases in heat 
waves and very hot days, increases in intense precipitation events, sea level rise, 
and increases in the frequency of extreme weather events, occur at a global scale 
and cause region-wide issues (CIER 2007). Projections, developed by the Intergov­
ernmental Panel on Climate Change (IPCC) (2007) are useful in identifying possible 
impacts associated with varying emissions scenarios. However, current IPCC data 
indicate that these predictions may be underestimated (Rahmstorf 2007). There­
fore, identifying potential risk and vulnerabilities associated with these changes is 
essential to avoid serious climate change impacts. 
Sea Level Rise 
Sea level rise is one of the most anticipated effects of climate change (Savonis et al. 
2008). Although change in sea level has been continuous, it has been exascerbated 
by thermal expansion of warming ocean waters and deglaciation, causing oceans 
to rise at a rate much faster than in the past thousand years (Titus et al. 2009). The 
most serious effects of sea level rise include permanent inundation and temporary 
flooding due to storm surges, which will continue to worsen in frequency and
intensity along with rising water levels. 
As the United States population is markedly growing along the coasts, socioeco­
nomic demands and the need for mobility rises (Culliton et al. 1990). Combined 
with an accelerating sea level rise, this creates regions in the United States that are 
extremely vulnerable to coastal hazards. 
Adaptation 
Mitigation efforts, or reducing GHG emissions, are not timely enough to remove all 
potential impacts associated with global warming (Pew Center on Global Climate 
Change 2008). Therefore, adaptation practices are needed to prepare and pro­
tect societies, economies, and the environment. The IPCC (2007) defines climate 
change adaptation as “the adjustment in natural or human systems in response 
to actual or expected climatic stimuli or their effects which moderates harm or 
exploits beneficial opportunities.” In support of this definition, The Pew Center
on Global Climate Change (2009) defines adaptation as “actions by individuals or 
systems to avoid, withstand, or take advantage of current and projected climate 
changes and impacts … in order to decrease a system’s vulnerability, or increase its 
resilience to impacts.” These definitions emphasize the need to moderate or avoid 
harm as a result of climate change impact. 
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To protect infrastructure from possible inundation, adaptation strategies are being 
developed and implemented. Possible adaptation strategies include elevation, relo­
cation, strengthening through levees, seawalls and dikes, restricting further coastal 
development, and using natural ecosystems for protection (eco-engineering) (WIL­
MAPCO 2011). The National Research Council (2010) aligned these general strate­
gies with specific transportation impacts based on climatic impacts and identified 
the entities best suited to implement each option. Although research on the need 
for adaptation strategies is initiating, potential impacts on public transportation 
infrastructure continue to rise. 
Impact to Public Transportation 
Public transportation networks are critical infrastructure, as they are vital to main­
taining mobility and accessibility (FTA 2011). Due to the threat of climate change, 
potential impacts related to rising sea level are posing risk to public transportation 
facilities. Subway tunnels, rail tracks, maintenance facilities, bus routes and stops, 
and intermodal facilities are vulnerable to inundation and, therefore, directly
impact transit-dependent populations.
Infrastructure Impacts 
From a planning perspective, identifying vulnerable infrastructure is essential to 
proactive and cost-effective decision-making. Due to railways often being located 
in low-lying areas, they are highly vulnerable to inundation (TRB 2008). Railways 
specifically are at-risk to flooding of underground tunnel and rail tracks, erosion 
of the rail base, and reduced clearance under bridges (TRB 2008). Tunnels, in par­
ticular, are highly vulnerable as a result of two impacts—the risk of flooding to 
entrances and vents and the hydraulic pressure on the walls of the tunnel increases 
as the water table rises (Titus 2002). 
In addition to tunnels and at-grade railways, bridges are at-risk as well. As a result 
of frequent storm surge events and rising sea levels, high amounts of flowing
water around bridges creates bridge scour. Increased water flow around the bases 
of bridges exacerbates the removal of soil at the foundations, compromising the 
integrity of the structure (FTA 2011). Most of the bridge failures in the United
States occur as a result of scour impacts (AASHTO 2004). Therefore, the need for 
developing adaptation practices is crucial because infrastructure is prone to the 
direct effects of permanent inundation as well as the secondary impacts of sea 
level rise.
63 
Journal of Public Transportation, Vol. 16, No. 3, 2013
 
 
 
 
 
          
 
 
 
Current Efforts 
Transportation agencies have been limited in incorporating adaptation into
their planning process as a result of real and perceived barriers (Oswald et al.
2012). However, recently, studies focused on identifying sea level rise impacts on 
transportation infrastructure are emerging. Research efforts such as Meyer and
Weigel (2011) have promoted the use of an adaptive systems framework to man­
age transportation assets and Oswald et al. (2011) developed a Climate Change 
Adaptation Tool for Transportation (CCATT) to assist transportation agencies in 
integrating adaptation practices into long-range transportation plans. In addition
to research, practical applications such as the Gulf Coast Study Phase 1 (U.S. DOT 
2011a) focused on the process of identifying regional climate change impacts and 
developing risk assessment tools for use by transportation planners. In continua­
tion of the research, the Gulf Coast Study Phase 2 includes a multimodal approach 
to determine the criticality of the transportation network in Mobile, Alabama, to 
climate change impacts (U.S. DOT 2011b). At the state-wide level, a similar study 
was implemented in Florida where the U.S. Department of Transportation (DOT) 
funded the development of a method to determine vulnerabilities specific to sea 
level rise on their infrastructure network (Berry 2012). More local studies on transit 
vulnerability have also been initiated, including applications to the New York City 
Transit Authority (City of New York 2011) as well as the Massachusetts Bay Trans­
portation Authority (Kirshen et al. 2005). 
To further refine the goals of the regional studies, national agencies such as the 
Federal Transit Administration (FTA) and the Federal Highway Administration
(FHWA) are supporting projects. FTA is conducting pilot programs for transit 
agencies to begin implementing inundation modeling and adaptation practices.
The pilot programs are located throughout the nation and include the Gulf Coast, 
Pennsylvania, Los Angeles, San Francisco, Seattle, Chicago, and Atlanta (FTA 2011). 
FHWA is also overseeing pilot programs for DOT’s to implement their risk assess­
ment framework for climate change adaptation.  
GIS Modeling 
Many of the regional assessments and studies incorporate the use of spatial
analysis to identify vulnerabilities. For example, at the regional level, the Coastal 
Adaptation to Sea-Level Rise Tool (COAST), developed by NOAA Coastal Services 
Center (2012), combines inundation layers with employment, wages, and number
of businesses to determine and visualize overall economic vulnerability in the Gulf 
Coast region (Merrill et al. 2010). Similarly, Colgan and Merrill (2008) estimated the 
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economic cost of inundation in coastal communities in Maine using the hurricane 
forecasting model SLOSH (Sea, Lake, Overland Flow Surge from Hurricanes). For 
transportation planning, this scope is narrowed, as planners aim to identify specific 
lines and nodes vulnerable to inundation. For example, Oswald et al. (2012) con­
ducted a transportation vulnerability study on Delaware focusing on the sea level 
rise impact on the I-95 corridor (rail, road, and bus routes). These modeling meth­
ods serve as the beginning of a more formalized process for using spatial analysis to 
determine vulnerabilities associated with sea level rise. 
Transit Inundation Modeling Method (TIMM) 
TIMM was developed with the goal of assisting transit agencies to begin adapting 
by identifying at-risk links and nodes based on various sea level rise inundation 
levels. TIMM is based on a five-step process that can be applied to transit agencies 
throughout the country, specifically in coastal areas. The process is repeatable,
straightforward, GIS-based, and uses publically-available data. The five steps are 
listed and described below, however for an explanation of how TIMM was devel­
oped refer to Oswald and Treat (2013). In addition, through the case study applica­
tion, the five steps are explained as they are applied to Philadelphia County, PA. 
1.	 Define Study Area 
The study area is defined based on proximity to coastal zones, jurisdiction 
of the transit agency, and extent of the transportation network. Facilities 
at-risk are those that are most exposed to sea level rise hazards and neces­
sitate planning strategies and application of TIMM.  
2.	 Gather Data 
TIMM is based on publicly-available data that are accessible from agency 
websites, local university websites, and data clearinghouses such as the
U.S. Census Bureau. Information that is relevant for assembling the maps 
includes county boundary shapefiles, local hydrology, and relevant trans­
portation infrastructure networks. In preparation for the next step—cre­
ation of inundation layers—elevation data are available from the U.S.
Geological Survey (2012) National Elevation Dataset (NED). Based on the 
extent of the study area, the resolution of each dataset must be checked to 
ensure accurate analysis.
3.	 Create Inundation layers 
The elevation data are based on a digital elevation model (DEM), which can 
be used for extracting inundation layers. DEMs capture elevation informa­
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tion on a cell-by-cell basis and, for the purposes of projecting inundation 
scenarios, a cell is considered inundated if its elevation value is less than 
or equal to the projected sea level. However, to prevent inland areas from 
becoming inadvertently mapped as flooded, hydrological connectivity was 
accounted for by selecting cells with the desired elevation value and were 
located in connection to ocean (coastal water) cells. Hydrologic connec­
tivity can be restricted to cells connected in the four cardinal directions 
(“four-side” rule) or in the cardinal and diagonal directions (“eight-side”
rule). This method uses the eight-side rule when modeling sea level rise to 
show maximum potential inundation (Gesch 2009).  This enables flooding 
that follows more accurate hydrologic behavior on the surface while repre­
senting maximum potential inundation. Inundation layers were added to 
the basemaps for use in step 4, data analysis. 
4.	 Data Analysis 
The infrastructure (railways, bus routes and bus stops) was symbolized
based its location relative to each sea level rise projection in order to reflect 
its vulnerability to inundation. Thus, a qualitative scale was created where 
infrastructure located within the 1 meter inundation area has a greater vul­
nerability than infrastructure located only within the 5 meter inundation 
area. The impact of each inundation scenario was quantified by extracting 
infrastructure at each inundation scenario and calculating the summary
statistics (mileage or number of stops) for each aspect of the transporta­
tion network.
5.	 Results and Recommendations 
Identification of vulnerabilities in the transportation network is an iterative
process that allows for proactive decision-making by the transit agency. In 
addition to information on the location of infrastructure and its relation to
projected sea level rise, prioritization of projects can be supplemented by 
ridership information, facility demand, and facility cost to allow for holistic
and sustainable decision-making.
Application of TIMM 
To determine the applicability and relevance of the methodology, TIMM was
applied to a real-world transit network in Philadelphia County. This location was 
selected due to its coastal proximity as well as the Southeastern Pennsylvania
Transportation Authority’s (SEPTA) proactive interest in adaptation planning. Cur­
rently, SEPTA is one of the seven agencies included in FTA’s transit climate change 
adaptation assessment pilots (FTA 2011). 
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The case study application of TIMM included applying each of the five steps to 
the rail and bus network in the county based on SETPA’s jurisdiction. Therefore, 
this application reflects the process that a transit agency, such as SEPTA, would 
implement to begin identifying vulnerabilities using a spatial analysis method such 
as GIS.
Methodology 
The five-step process of TIMM, as defined previously, is applied to the case study 
region. Each step is defined in detail, and the results are spatially displayed. To com­
plete the application, data were processed and layers were created using ArcGIS 10 
and the Spatial Analyst Extension (ESRI 2011). 
1. Define Study Area 
The study area selected for the application of TIMM was Philadelphia
County, located along 20 miles of the Delaware River. Relevant sea level 
rise characteristics in this area and in the Delaware estuary have been
documented, including increasing saline levels, flooding of hazardous
waste sites, and a decline of public access to the shore line (DVRCP 2004). 
Along with the ecological and social issues of sea level rise in the Delaware 
River, inundation also poses significant economic impacts, especially to
the transportation sector. SEPTA has an extensive transportation network, 
covering a surface area of 2,202 square miles, an annual ridership of more 
than 300 million, 143 routes, and 2,803 revenue vehicles (SEPTA 2012). In 
addition, it has developed a five-year Strategic Business Plan for 2010–2014 
focused on several objectives, including sustaining the financial health of 
the agency, maintaining transportation access for low-income residents to
and from their jobs, prevention of accidents and property damage, increas­
ing frequency and extending service, and rebuilding existing lines and links 
(SEPTA 2009). Inundation from sea level rise would not only impact this 
widespread network, but also would compromise these established goals. 
Furthermore, SEPTA has also identified environmental planning as a cur­
rent and future goal and has launched an awareness campaign to address 
this issue. Thus, the methodology not only targets vulnerabilities of the
network, but also coincides with the progressive goals of the transit agency. 
2. Gather Data 
The base layers of the maps include the county boundaries and local
hydrology of the Delaware River. These are vector files that are accessed 
via the Pennsylvania Geospatial Data Clearinghouse (PASDA 2012). Trans­
portation infrastructure data were provided by SEPTA and include vector 
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point and multi-line features of bus stops, bus routes, and rail lines. The bus 
route data also include ridership information based on total passengers
and the total number of trips for each individual bus route. Together, the 
county boundary, local hydrology, and transportation layers were overlaid
to create three different maps for each infrastructure type (railway, bus
routes, and bus stops). Elevation information for the digital elevation model
was obtained from the National Elevation Dataset at the 1/9 arcsecond
resolution (U.S. Geologic Survey 2010). This is the highest quality resolution 
available in a raster format, where each cell value represents an elevation 
interval of 1 meter. 
3. Create Inundation Layers 
The DEM provided the basis for creating sea level rise scenarios. The inun­
dation levels used reflect a range of existing projections from 1 to 5 meters, 
using an interval of 1 meter. To extract pertinent elevation values, the ras­
ter was first reclassified into an output of land and sea level rise increments, 
where the sea level rise projections reflect the desired range of scenarios 
(0, 1, 2, 3, 4, and 5 meters), and the land value includes all elevations over 
5 meters. Using this output, hydrological connectivity was established to 
create a more accurate model of inundation. The eight-side connectivity 
rule was used to eliminate any low-lying areas that would be considered 
flooded, such as inland lakes, which are not connected to the sea. After 
establishing hydrological connectivity, the output was then reclassified
into land values and true sea level inundation extents. Next, to use the
inundation layers in conjunction with the transportation infrastructure
layers, the raster was converted into a vector. This was then added onto 
the inundation layers created in step 2 to analyze and identify vulnerable 
infrastructure.
4. Analyze Data 
The impact of different inundation scenarios was symbolized by color gra­
dation to represent the degree of vulnerability to inundation. The vulner­
ability of each link/node is defined based on the scale of 1 meter rise (high 
vulnerability) to 5 meter rise (low vulnerability), and infrastructure was 
extracted at each inundation level. These inundated infrastructure layers 
were added to their respective maps. 
Figures 2 through 4 are extent maps of southern Philadelphia County
showing inundation impacts to the transit facilities. Southern Philadelphia
County is highlighted as it is the most vulnerable to sea level rise inunda­
tion throughout the county. Figure 2 shows the inundated rail network, 
68 
Assessing Public Transportation Vulnerability to Sea Level Rise: A Case Study Application
 
 
Figure 3 shows the inundated bus routes including ridership, and Figure
4 shows the inundated bus stops. The ridership information is useful for 
prioritization of at-risk infrastructure, and routes are symbolized based on 
number of passengers per trip.
Source: SEPTA 2012 
Figure 2. Extent map of inundated rail network in Philadelphia County 
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Source: SEPTA 2012 
Figure 3. Extent map of inundated bus routes in Philadelphia County 
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Figure 4. Extent map of inundated bus stops in Philadelphia County 
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Summary statistics were calculated for each map to quantify the impact 
of each inundation scenario on the transportation network. Using the
inundation layers and features in the GIS attribute tables allowed for the 
mileage, or count of infrastructure (number of stops), within each inunda­
tion to be calculated. For example, the total miles of rail network inundated 
at each level, as well as cumulatively, were calculated. This process was also 
implemented for bus routes and bus stops as shown in Table 1. 
Table 1. Vulnerable Infrastructure Based on Sea Level Rise
in Philadelphia County 
Sea Level Rise 1m 2m 3m 4m 5m 
Bus routes 
Change in miles 3 46 39 49 40 
Cumulative miles 3 49 88 137 177 
Bus stops 
Change in # of stops 7 152 170 181 203 
Cumulative total 7 159 329 510 713 
Rail 
Change in miles 1.4 17.1 10 2.3 2.4 
Cumulative miles 1.4 18.5 28.5 30.8 33.2 
Land 
Change in acres 880 4,612 4,421 2498 2,055 
Cumulative acres 880 5,492 9,033 11,531 13,586 
Acreage of land inundated was also included in the analysis. The inunda­
tion layers created in step 3 include the original water features; therefore to 
accurately calculate the inundation area, hydrology features for this layer 
were eliminated. Using a similar approach to calculating the vulnerable
infrastructure based on inundation levels, the acreage of land inundated 
was calculated for each level as well as cumulatively, as shown in Table 1. 
5. Synthesize Results and Recommendations 
Based on the projected inundation levels, public transportation infrastruc­
ture within Philadelphia County is at risk of flooding, even at the lower
sea level rise levels. The difference between the amount of infrastructure 
impacted at 1 meter and 2 meter projections is substantial and, based on 
scientific research, these sea level rise projections may be conservative.
Based on the spatial analysis results, the southern region of Philadelphia is 
most notably at-risk for inundation. Although comparisons between links 
and nodes can be made visually, more information about how to prioritize 
current and future projects is needed. More specifically, a prioritization
index, including other factors such as ridership and cost, can be established 
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to plan future adaptation projects. Ridership information is included in
the bus routes extent (Figure 3) to compare infrastructure based on both 
sea level rise vulnerability as well as user demand. Including factors, such 
as ridership, can provide more holistic decision-making when prioritizing
future adaptation projects.
Reflection 
Modeling vulnerabilities in transportation infrastructure due to sea level rise
requires accurate elevation data and a detailed transportation network. It is recog­
nized that spatial information is not available for every network; however, following
a process such as TIMM, which is based on publically-available sources, can allow 
agencies to begin using GIS for adaptation planning. 
While more accurate DEMs can be derived from contour maps, the hydrologic con­
nectivity method requires knowledge of GIS software; therefore, it is encouraged 
that agencies have expertise in this area. Furthermore, the transportation data may 
be agency-specific and include infrastructure owned by only one transit agency, 
rather than assets from all agencies in the region. The case study region features an 
area that is within SEPTA’s jurisdiction, but several rail tracks and rail yards owned 
by other companies were not included in the data. In future applications, more 
holistic network data can allow for multi-jurisdictional analysis. In addition, more
detailed local factors that influence storm surge impacts are not included. These 
variables, which have the potential to alter flooding, include location of storm
water facilities, runoff impacts, and permeability of the soil. As inundation model­
ing methods improve and include local impacts, TIMM can be further developed 
to allow for more accuracy in identif ying potential public transportation vulner­
abilities. 
Overall, applying TIMM is useful for the transit agency because it allows for the 
identification of potential at-risk facilities based on a number of scenarios. Iden­
tifying these facilities sooner rather than later can lead to proactive and holistic 
decision-making for adaptation planning.
Conclusion 
Increasing demands on public transportation systems suggest the need for
evaluating the potential risk and impacts associated with coastal, low-lying public 
transportation facilities (Trilling 2005). The relatively new stressor, climate change, 
and associated sea level rise, can lead to increased flooding of subway tunnels, rail 
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tracks, maintenance facilities, bus routes, and intermodal facilities, directly impact­
ing transit-dependent populations. Therefore, adaptation planning and practices
are needed to prepare and protect these facilities from inundation. 
The Transit Inundation Modeling Method is developed for adaptation planning, 
specifically to identif y transit infrastructure systems that are vulnerable to sea
level rise using GIS. The real-world network application of TIMM to Philadelphia 
County was completed with the goal of evaluating the method’s applicability, rel­
evance, and repeatability for transportation infrastructure throughout the coun­
try. Although there are limitations associated with data availability and inundation 
modeling constraints, this application serves as a foundation for using spatial analy­
sis for transit adaptation planning. By using this method to identify vulnerabilities, 
transit agencies throughout the nation, similar to SEPTA, can begin to implement 
adaptation practices (elevate, relocate, or protect) to existing facilities as well as 
plan for future transit projects. 
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